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Abstract
The tight coupling between cell cycle progression and morphogenetic development in the unicellular ciliates presents a unique model
system for examination of the roles of Cdks in developmental processes. We here describe the isolation and characterization of the first
cyclin-dependent kinase (Cdk) homologue, TtCdk1, from Tetrahymena thermophila. TtCdk1 corresponds to the larger of the two
polypeptides recognized by anti-PSTAIRE antibody in a whole cell lysate, which differ from each other in their affinity for yeast p13suc1
protein. In contrast to the constant protein expression levels of typical eukaryotic Cdks, the TtCdk1 protein level fluctuates periodically over
the vegetative cell cycle, reaching a maximum at the end of the cell cycle, correlating with its histone H1 kinase activity. Its association with
the membrane-skeletal domains that surround mature, but not nascent, basal bodies in the cell cortex suggests that TtCdk1 plays a role in the
regulation of cortical morphogenesis in T. thermophila. A partial TtCDK1 knockout cell line constructed through somatic biolistic
transformation resulted in a reduction of the regularity of the rows of basal bodies plus an additional effect on chromatin condensation in both
macro- and micronuclei. Unlike the situations in higher eukaryotic cells, no apparent effect on basal body duplication was found upon
disruption of the TtCDK1 gene.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Progression through the eukaryotic cell cycle depends on
the appropriate activation of members of the cyclin-depend-
ent kinase (Cdk) family. Due to their vital roles in cell cycle
control, Cdk activities are tightly regulated through a variety
of mechanisms, including cyclin binding, phosphorylation/
dephosphorylation, protein degradation through ubiquitina-
tion and interaction with Cdk inhibitors (CKIs) [1–4].
Tetrahymena thermophila contains two distinct types of
nuclei within the same cytoplasm, a micronucleus and a
macronucleus. The macronucleus is a polygenomic, tran-
scriptionally active somatic nucleus that divides non-mitoti-
cally. The micronucleus is a diploid, transcriptionally inert
germline nucleus that undergoes a closed mitosis, without
nuclear envelope breakdown. Macronuclear DNA synthesis
is initiated at mid-interphase and ends just before macro-
nuclear division, while micronuclear DNA synthesis lasts
10–15 min beginning at the end of micronuclear telophase,
before completion of cytokinesis [5]. In contrast to the
typical situation in other eukaryotic cells, in which DNA
replication and cell division are tightly coupled, macro-
nuclear DNA synthesis is not a precondition for cell division
in T. thermophila due to the approximate nature of the
partitioning of the acentric macronuclear chromosomes.
Variations in macronuclear DNA content are compensated
for by an additional round of DNA synthesis or by skipping
one round of DNA synthesis [6,7]. Ciliate cell division is
accompanied by a complex cortical morphogenesis that
includes a precise spatial and temporal program of basal
body duplication as well as reorganization of other cytos-
keletal components, leading to a tandem patterning of two
identical cortical structural systems in daughter cells. There-
fore, the unusual cellular organization and the tight coupling
of morphogenetic processes with the cell cycle in ciliates
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provide us with an unique opportunity to address how cell
cycle events taking place in different compartments of the
cell are coordinated with one another at the molecular level,
and how the developmental processes are integrated with
cell cycle progression.
Despite considerable indirect evidence showing the pres-
ence of Cdks and cyclins in T. thermophila [8,9], the lack of
the gene sequences has precluded any in-depth study of their
functions. The recent isolation of the genes for two classes
each of Cdks and cyclins in Paramecium tetraurelia further
attest the universality of the Cdk/cyclin family of proteins
and their importance in eukaryotic cell cycle regulation
[10–12]. The availability of targeted gene disruption tech-
niques in T. thermophila allows characterization of the
functions of cloned gene in vivo [13–15].
We report here the first Cdk from T. thermophila asso-
ciated with the basal body domains in the cell cortex.
Phenotypic analysis of a macronuclear TtCDK1 partial
knockout cell line suggests its involvement in basal body
domain maturation during cell division and possibly in
chromatin condensation in macro- and micronuclei.
2. Materials and methods
2.1. T. thermophila strains and growth conditions
T. thermophila strains CU428.2 [mpr-1/mpr-1 (MPR1,
mp-s, VII)] and B2806.2 (II) were grown in Neff growth
medium [16] containing 0.25% proteose peptone, 0.25%
yeast extract, 0.55% glucose, 33 AM FeCl3 at 30 jC on a
platform shaker.
2.2. cDNA cloning of T. thermophila CDK1 gene
Degenerate oligonucleotide primers corresponding to the
two conserved regions of known Cdk sequences, GEGTYG
and DLKPQN, respectively, were used in PCR. PCR was
carried out at an annealing temperature of 45 jC with first
strand cDNA synthesized from total T. thermophila RNA
by an oligo-dT17 primer as template. Sequencing of the
380-bp PCR products identified a sequence exhibiting amino
acid homology with known Cdks. 3Vand 5VRapid amplifi-
cation of cDNA ends (RACEs) [17] was used to obtain
sequences close to the 3V and 5V ends of TtCDK1 gene,
respectively.
2.3. Synchronization of mass culture of T. thermophila
Synchronous T. thermophila cells were prepared by
centrifugal elutriation. 3 108 log-phase cells were loaded
onto a Beckman elutriation chamber (30 ml) on a JE.5 rotor
(Beckman, Palo Alto, CA) at 650 g and at a pump rate of
35 ml/min. The fractions collected by stepwise increase of
the pump speed were pooled until the composite contained
around 5% of the initial cell population. The synchronous
population was then kept at 30 jC with shaking. Samples
were harvested at 30-min intervals starting 30 min post-
elutriation.
2.4. Total cell lysate preparation and Western blot analysis
T. thermophila cell lysate was prepared as described
previously for P. tetraurelia [12]. An aliquot was taken for
protein quantitation using the Bradford’s methods [18].
Western blot analysis was carried out as described by
Harlow and Lane [19]. The signals were detected by
enhanced chemiluminescence (ECL, Amersham, Arlington,
IL). The intensity of bands was quantitated using the NIH
Image program (National Institutes of Health).
2.5. Production of antibody against TtCdk1
A peptide corresponding to residues 303–318 with an
additional cysteine at its amino end (CSREDIAKFEPNQV-
HMY) was coupled to keyhole limpet hemocyanin (KLH)
and injected into rabbits every 4 weeks until anti-TtCdk1
immunoreactivity could be detected by Western blot anal-
ysis.
2.6. Yeast p13suc1 binding assay
p13suc1 binding experiment was carried out as described
previously [12].
2.7. Histone H1 kinase activity assay
Histone H1 kinase activity in the anti-TtCdk1 immuno-
precipitate was assayed as in Zhang and Berger [12]. Two
microlitres of TtCdk1 antiserum or pre-immune serum was
used in immunoprecipitation experiments. Aliquots of the
kinase assay reaction were separated on SDS-PAGE. Phos-
phorylated histone H1 was detected by autoradiography and
quantitated by liquid scintillation counting of excised his-
tone H1 bands.
2.8. Indirect immunofluorescence microscopy
Immunofluorescence staining was performed as described
by Williams and Nelsen [20]. For single staining, TtCdk1
antiserum (1:100) was used as primary antibody. FITC-
conjugated goat anti-rabbit IgG (1:100) (Amersham) was
used as secondary antibody. The cells were treated with
RNase (10 Ag/ml) before being counterstained with propi-
dium iodide (1 Ag/ml). For double staining, TtCdk1 anti-
serum (1:100) and a-tubulin monoclonal antibody 15D3
(1:5) were used as primary antibodies. FITC-conjugated goat
anti-rabbit IgG and Texas Red-conjugated donkey anti-
mouse IgG (1:100 each) (Amersham) were used as secondary
antibodies. Images of immunolabelled cells were collected
under a confocal laser fluorescence microscope (Radiance
Plus, Bio-Rad, Richmond, CA).
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2.9. Targeted disruption of macronuclear TtCDK1 by bio-
listic transformation
The neomycin-resistance cassette from p4T2-1DHindIII
plasmid containing the histone H4 promoter, the neomycin
resistance coding region, and the 3V-untranslated region of
h-tubulin, was inserted into the TtCDK1 coding region to
construct a disrupt plasmid. For biolistic transformation of
macronuclei [13], CU428.2 and B2806.2 were starved in 10
mM Tris–HCl (pH 7.5) for 14 h on a 30 jC shaking
incubator before mating. Nine to eleven hours after initia-
tion of conjugation, paired cells were bombarded with
disruption plasmid/control plasmid (pBluescript only)
coated tungsten particles (0.7 Am) at 900 psi, using DuPont
Biolistic PDS-1000/He Particle Delivery System (Bio-Rad).
After bombardment, the cells were recovered in Neff growth
medium for 7 h at 30 jC, then plated into Neff growth
medium supplemented with 20 Ag/ml paromomycin. Five
days after bombardment, paromomycin-resistant clones
were picked up and replated into Neff growth medium
containing increasing concentrations of paromomycin (i.e.
50, 100, 150, 500 Ag/ml and 1 mg/ml). The knockout cells
could only survive in as high as 100 Ag/ml paromomycin
(see Results); therefore, the cells were maintained in the
Neff medium containing 100 Ag/ml paromomycin.
2.10. Flow cytometry analysis
DNA contents of both nuclei were measured by flow
cytometry on a Becton Dickinson flow cytometer (BD
Biosciences, San Jose, CA), as described by Wei et al. [21].
3. Results
3.1. TtCdk1 is a member of multi-gene family of CDKs in T.
thermophila
The TtCDK1 cDNA clone is 1156 bp long. The largest
open reading frame (ORF), starting from the first ATG
codon, encodes a protein of 318 amino acids with a
predicted molecular mass of f 37 kDa (TtCdk1, GenBank
accession number AF157636). Searching databases with
this sequence revealed 37–56% amino acid identities to
members of the Cdk family (Fig. 1). TtCdk1 shares 56%
identity with P. tetraurelia Cdk2 (PtCdk2), whose kinase
activity was observed late in the cell cycle [12], whereas it
has only 46% identity with PtCdk1, whose function is
associated with macronuclear DNA synthesis [10,22].
TtCdk1 contains the 11 catalytic domains characteristic of
protein kinases of all types [23] and shows conservation of
all of the regulatory phosphorylation sites in corresponding
locations to other Cdks. The ‘EGVPSTAIREISLLKE’
(PSTAIRE) region, the hallmark of the Cdk family, is
present but has two conservative substitutions out of 16
amino acids (Ile56–Leu and Leu61–Ile) in TtCdk1.
On a Western blot of total protein lysate of T. thermo-
phila, anti-PSTAIRE antibody recognized two polypeptides
of 35 and 37 kDa (Fig. 2). The intensity of p35 was stronger
than that of p37 on Western blot. This result is in accord
with previous studies [8], and suggests the presence of at
least two classes of Cdks in T. thermophila. Anti-TtCdk1
polyclonal antibody recognized a peptide that comigrated
with the p37 molecule (Fig. 2). This is in agreement with the
predicted molecular mass for TtCdk1 based on its primary
sequence, suggesting that TtCdk1 is one of the polypeptides
recognized by anti-PSTAIRE antibody. In agreement with
this conclusion, p37 was the only protein that was consis-
tently recognized by the anti-TtCdk1 antibody in Western
blots derived from whole cell lysates. In some blots, one or
Fig. 2. There are at least two Cdk-related proteins in T. thermophila. Anti-
PSTAIRE antibody detects two polypeptides of 35 and 37 kDa on a
Western blot of total protein lysate. TtCdk1 antibody recognizes only p37.
Pre-stained SDS-PAGE standards from Bio-Rad are indicated on the left.
Fig. 1. Comparison of TtCdk1 with Cdk homologues from P. tetraurelia (PtCdk1, S53538; PtCdk2, AF126147), Trichomonas vaginalis (Tv, S36387),
Entamoebae histolytica (Eh, AAA51480), Plasmodium falciparum (Pf, S42566), Dictyostelium discoideum (Dd, S24386), Saccharomyces cerevisiae (Sc,
TVBY8), Schizosaccharomyces pombe (Sp, TVZP2), Zea mays (Zm, AAA33479), and Homo sapiens (Hs, A29539). The alignment was generated using the
CLUSTALW [45]. The boxshade graphic was created with the BOXSHADE 3.21. The black shading indicates 50% or greater amino acid identity, whereas the
gray areas 50% or greater amino acid similarity.
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two additional bands between 25 and 30 kDa were also
recognized by the anti-TtCdk1 antibody. As these appeared
inconsistently and particularly from lysates that were sub-
jected to freezing and thawing, they are likely to be
degradation products of p37. We conclude that our anti-
TtCdk1 antibody is highly specific for TtCdk1.
The p13suc1 gene was identified as a suppressor of S.
pombe cdc2 mutants [24]. Since p13suc1 protein exhibits
strong affinity for many Cdks, the affinity for p13suc1 has
become an important characteristic for classification of
Cdks. Of the two peptides recognized by anti-PSTAIRE
antibody, only p37 could be precipitated by yeast p13suc1.
The p35 protein remained in the supernatant after all of the
p37 was precipitated (Fig. 3a). Consistent with this, the
TtCdk1 protein was retained on p13suc1-Sepharose beads, as
detected by TtCdk1 antibody (Fig. 3b). These results
indicate that TtCdk1 is a p13suc1 binding Cdk, and the
two Cdk-related proteins from T. thermophila differ in their
p13suc1 binding affinities.
3.2. The TtCDK1 protein level correlates with its histone H1
kinase activity
Centrifugal elutriation was used to select a population of
the smallest, newly divided daughter cells from an exponen-
tially growing culture of T. thermophila. A total of eight
samples were collected from the synchronous cell population
at 30-min intervals, starting 30 min after elutriation. The
median population doubling time of our synchronous sam-
ples was about 3.0 h post-elutriation at 30 jC (Fig. 4c). Using
TtCdk1 antibody, a Western blot of lysate from each sample
containing equal total protein showed that the TtCdk1 protein
level exhibited cell cycle-dependent oscillation. TtCdk1 was
barely detectable early in the cell cycle. Its protein level
began to increase gradually from 2.0 h, and reached a peak at
f 3.0 h post-elutriation. At 3.5 h, when cells had entered a
new cell cycle, TtCdk1 protein level declined dramatically
(Fig. 4a). This observation is in sharp contrast to the situation
in most other eukaryotic cells, including P. tetraurelia, in
which the Cdk proteins remain at an approximately constant
level over the vegetative cell cycle [12,22].
In accord with its kinase-like sequence, TtCdk1 immu-
noprecipitate phosphorylated bovine histone H1. We per-
formed immunoprecipitation with TtCdk1 antibody using
lysates of elutriation synchronized samples. The TtCdk1
kinase activity displayed cell cycle stage-dependent oscil-
lation (Fig. 4b). Kinase activity was barely detectable at the
beginning of the cell cycle. An activity peak was observed
at about 3.0 h post-elutriation when most cells had under-
gone cytokinesis. TtCdk1 kinase activity levels appear to be
closely correlated with the protein level (Fig. 4c). Whether
and how post-translational modifications including cyclin
binding and reversible phosphorylation contribute to
TtCdk1 kinase activation remain unknown.
3.3. TtCDK1 protein is spatially associated with basal body
domains in the cell cortex
Unlike most Cdks from other eukaryotic cells examined
so far, TtCdk1 was not detectable in micronuclei, macro-
nuclei or distributed throughout the endoplasm in our study
(Fig. 5a,b). Outside the oral apparatus, the anti-TtCdk1
immunostaining signals appeared to be limited to more or
less circular halo-like domains associated with the basal
bodies of the ciliary rows of the cortex (Fig. 5a). The
TtCdk1 protein appeared to be localized to a region adjacent
to, but not within basal bodies. The circular TtCdk1
domains have a non-staining center, presumably corre-
sponding to the basal body region. This circular TtCdk1
staining zone is typically thinner at the anterior edge and in
some cases is incomplete, giving a horseshoe-shaped
appearance. In dividing cells, smaller faintly staining dots
were observed in positions at which newly formed basal
bodies were expected lying between basal bodies with fully
developed TtCdk1 staining domains.
The TtCdk1 protein is also associated with structures of
the oral apparatus. In dividing cells, it is associated primar-
ily with the polykineties (membranelles) and the haplokin-
ety (undulating membrane) of the oral apparatus (Fig. 5b,d)
and with the ‘‘anarchic field’’ of basal bodies that gives rise
to these structures in the midbody oral primordium. In non-
dividing cells, the principal sites of TtCdk1 protein shift to
the ribbed-wall region that is associated with the haplokin-
ety (Fig. 5a) and to the oral deep-fiber that extends inter-
nally from the ribbed wall (not shown).
Double staining with TtCdk1 and a-tubulin antibodies
revealed a general correspondence between the sites of the
basal bodies of the ciliary rows and the TtCdk1 staining
domains (Fig. 5c). Some basal bodies associated with the
peripheral TtCdk1 staining appeared yellowish due to over-
lap of the red (a-tubulin revealed by Texas Red-conjugated
secondary antibody) and green (TtCdk1 revealed by FITC-
conjugated secondary antibody) fluorescing signals. These
double-stained basal bodies all possess red-staining trans-
verse microtubule bands extending to the cell’s left, which are
usually found in association with mature basal bodies. Other
basal bodies, presumably those associated with the faintly
Fig. 3. Two classes of Cdks differ in their p13suc1-binding properties. (a)
After incubating with yeast p13suc1 beads, aliquots of starting total lysate
(W), the p13suc1 precipitatable (P), and unprecipitatable (S) were resolved
and probed with anti-PSTAIRE antibody. (b) The same experiment was
repeated with TtCdk1 antibody. TtCdk1 exhibits an affinity for p13suc1.
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staining dots seen in early dividers, were stained mostly red,
due to little TtCdk1 antigen associated with those basal
bodies. These single-stained basal bodies, more abundant in
the central and posterior regions of the cortex than the anterior
region, are usually located one or two positions anterior to
double-stained basal bodies and generally do not possess
transverse microtubule bands, although occasionally the
posterior of two has a short one. We believe that the basal
bodies without significant amounts of TtCdk1 antigen asso-
ciated with them are newly developed basal bodies. The weak
signals around nascent basal bodies compared to the much
stronger ones in the domains surroundingmature basal bodies
suggest that the deposition of TtCdk1 occurs as basal bodies
and associated cytoskeletal structures undergo maturation.
No anti-TtCdk1 staining was observed along the fission
line in dividing cells, where no basal bodies are located (Fig.
5b), nor in association with other cortical structures such as
the cytoproct, contractile vacuole pores, or apical filament
ring.
3.4. Functional characterization of TtCDK1 gene by tar-
geted gene knockout in somatic macronuclei
The TtCDK1 gene was disrupted in the somatic macro-
nuclei by inserting a neomycin-resistance gene into its coding
region, which resulted in a TtCDK1 knockout cell line
referred to as TtCDK1KO. Southern blot analysis using a
TtCDK1 specific probe was performed with NdeI-digested
genomic DNA isolated from TtCDK1KO grown in 50 Ag/ml
and 100 Ag/ml paromomycin (Fig. 6a). In wild-type cells, the
expected single band of 1.7 kb was detected. In TtCDK1KO
in either concentration of paromomycin, the intensity of the
wild-type band was reduced and a larger band of 3.1 kb,
resulting from the neomycin-resistance cassette integrated
into the TtCDK1 locus, was present. The neomycin resist-
ance-specific probe hybridized with only the larger band in
each case, suggesting that neomycin-resistance cassette was
inserted only in the targeted gene (Fig. 6b). Comparing the
intensities of the knockout and wild-type bands, more than
50% of macronuclear TtCDK1 gene copies were disrupted in
TtCDK1KO. Increasing the paromomycin concentration
from 50 to 100 Ag/ml resulted in further replacement of
endogenous wild-type copies with the knockout construct
(lane KO50 vs. KO100). The observation that the endoge-
nous TtCDK1 alleles could not be completely replaced in
TtCDK1KO even after prolonged selection in 100 Ag/ml
paromomycin, the highest concentration at which cells can
still grow, for more than 100 generations shows that
TtCDK1KO is a partial knockout transformant, and suggests
that the TtCDK1 gene is probably essential for cell survival.
Consistent with this, the wild-type alleles were fully restored
in TtCDK1KO cells after prolonged growth without selection
Fig. 4. TtCdk1 protein level and its kinase activity during the vegetative cell cycle. Aliquots of synchronized cells were taken at 0.5-h intervals, starting from
0.5 h post-elutriation, to determine the cell density of the samples (c); protein level by Western blot analysis using TtCdk1 antibody (a), and histone H1 kinase
activity present in TtCdk1 immunoprecipitates (b). AS: TtCdk1 protein level in asynchronized sample. Kinase activity is shown as the extent of
phosphorylation of bovine histone H1. Protein level and kinase activity were quantitated as described in Materials and methods (c). Note: equal amounts of
total protein were loaded for the synchronized samples (lanes 1–8).
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pressure (data not shown). Furthermore, our preliminary
observation by manual counting of cell number indicated
that the doubling time of TtCDK1KO cells maintained in 100
Ag/ml paromomycin was 10 h as compared to 3 h in mock-
transfected cells in Neff medium without drug (Zhang and
Berger, unpublished data).
Western blotting of the protein lysate with anti-TtCdk1
antibody showed f 20% and f 70% reduction in the
expression of the TtCDK1 gene in TtCDK1KO cells grown
in 50 and 100 Ag/ml paromomycin, respectively, which is in
accord with the partial knockout of the endogenous TtCDK1
gene (Fig. 6c).
Since the TtCdk1 protein was localized to the domains
associated with the basal bodies of ciliary rows in the cortex,
immunofluorescence microscopy using anti-TtCdk1 anti-
body was employed to examine possible phenotypic effects
upon partial TtCDK1 knockout. As expected from reduced
expression of the TtCDK1 gene in TtCDK1KO based on
Western blot analysis data, the overall intensity of the TtCdk1
protein staining was weaker in the TtCDK1KO cells than that
in wild-type cells (Fig. 5d). The reduction of the intensity of
staining around basal body domains upon the partial knock-
out of TtCDK1 gene indicated that the staining pattern we
observed was specific for the TtCdk1 protein, not due to
cross-reaction of anti-TtCdk1 antibody.Moreover, in contrast
to the relatively straight alignment of basal bodies in wild-
type cells, some degree of bending and buckling of ciliary
rows was observed in the TtCDK1KO cells. No decrease in
the number of basal bodies was noticed in the knockout cells,
indicating the TtCdk1 protein is unlikely to be involved in the
duplication of basal bodies. Similar observations were also
made in a second TtCDK1 knockout cell line.
Fig. 5. Localization of TtCdk1 in both wild-type and TtCDK1KO cells. Wild-type cells were stained with TtCdk1 antibody (a and b), or double-stained with
TtCdk1 antibody (green) and a tubulin monoclonal antibody 15D3 (red) (c). A TtCDK1KO cell was stained with TtCdk1 antibody (d), displaying specific
phenotypes including bending of ciliary rows in the cell cortex, chromatin decondensation in both nuclei and decreasing intensity of TtCdk1 stain. Nuclei in a,
b, d were counter-stained with propidium iodide.
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A consistent correlation between the reduced TtCdk1
expression and an increase of propidium iodide-stained areas
in both types of nuclei was also found in TtCDK1KO cells
(Fig. 5d). Both macro- and micronuclear DNA contents of
TtCDK1KO cells were not significantly different from those
of wild-type cells as determined by flow cytometry of
propidium iodide-stained nuclei (data not shown). Thus, the
increase in the propidium iodide-stained area in both nuclei in
TtCDK1KO cells is most likely due to the chromatin decon-
densation that accompanies the reduced expression of
TtCdk1. No DNA fragmentation was detected on agarose
gels (data not shown). This observation is reminiscent of the
phenotypes of DH1 (macronuclear linker histone HHO gene
knockout) and DMicLH (micronuclear linker histone MLH
gene knockout) cells, in which decondensation of either
macro- or micronuclear chromatin was detected [25].
4. Discussion
Although Tetrahymena was the first eukaryotic cell to be
successfully synchronized through serial heat shock treat-
ment (Tetrahymena pyriformis [26]; T. thermophila [27]),
and T. pyriformis was used in many early cell cycle studies
[28,29]. Tetrahymena was later replaced by more morpho-
logically ‘typical’ or genetically tractable eukaryotic cells
such as yeasts and mammalian cells, partially due to the
complexity resulting from the nuclear dimorphism of cil-
iates. With the identification of Cdk/cyclin as conserved
central regulators of the cell cycle in these ‘typical’ eukary-
otic cells, several groups have returned to this ciliate and
identified both Cdk- and cyclin-like proteins in T. thermo-
phila but without obtaining either gene sequence [30,31].
In this study, we cloned a gene that encodes a Cdk-like
protein from the T. thermophila genome using a homology-
based cloning approach. The overall homology of the TtCdk1
protein with Cdk homologues from other eukaryotes, in
particular, the presence of the PSTAIRE region and the
p13suc1 binding property of the protein, leave no doubt that
TtCdk1 is a Cdk homologue in T. thermophila.
Almost all the Cdks identified so far need to bind to cyclin
partners to become active. In P. tetraurelia, two classes of
mitotic cyclin homologues have recently been identified [11].
They form complexes with different Cdk catalytic subunits,
and activate these kinases at different specific cell cycle
stages. In the TtCdk1 sequence, most of the domains essential
for cyclin binding are conserved, suggesting a possible
interaction with a cyclin. A sequence has been identified in
T. thermophila, displaying high homology with the ‘cyclin
box’ in other eukaryotic cyclins [11]. However, the close
correlation between the profile of TtCdk1 protein level and
that of its kinase activation raises a question as to the
importance of post-translational modifications in TtCdk1
enzymatic activation.
Roth et al. [30] reported an anti-PSTAIRE reactive peptide
(p36) in the macronuclear lysate of T. thermophila that bound
to yeast p13suc1, and exhibited protein kinase activity toward
both bovine histone H1 and macronuclear linker histone.
Based on the p13suc1 binding property, it seems likely that this
p36 polypeptide corresponds to TtCdk1. Contrary to Roth et
al’s observation on p36 [30], no TtCdk1 was detected in
macronuclei in our immunofluorescent study. The discrep-
ancy of the localization of TtCdk1 and p36 in these two
studies may be resolved by one of the following possibilities:
(1) there are additional Cdk(s) other than p35 and p37 present
in T. thermophila. This is not completely unlikely, consider-
ing two Cdks (PtCdk2 and Cdk3) are present in P. tetraurelia
with similar molecular weights but distinct p13suc1-binding
properties and kinase activity profiles [12]; (2) a weak nuclear
staining of TtCdk1 may have been obscured by the strong
propidium iodide staining of nucleic acids or the permeabi-
lization and fixation methods used in our study destroyed
soluble forms of TtCdk1. These problems could be resolved
by using different immunofluorescence techniques or by a
detailed cell fractionation study.
The more-or-less circular halo-like domains of the
TtCdk1 protein associated with somatic basal bodies appear
very similar to the K antigen domains decorated by mAb
424A8 antibody [32]. These domains were demonstrated by
immunogold binding and electron microscopy to be local-
ized within the membrane-skeletal layer [32]. The detailed
similarity between the K-antigen and TtCdk1 domains
Fig. 6. Partial TtCDK1 gene knockout. (a and b) Genomic Southern blot
analysis to demonstrate partial disruption of the TtCDK1 gene in
TtCDK1KO cells. Genomic DNAs from wild-type cells (WT) and a
knockout cell line grown in 50 Ag/ml (KO50) and 100 Ag/ml paromomycin
(KO100) digested with NdeI were separated on agarose gel and probed with
the TtCDK1-specific probe (a) and neomycin-resistance gene probe (b),
respectively. (c) The TtCdk1 protein level detected by Western blot analysis
in wild-type (WT) and TtCDK1KO cells grown in 50 Ag/ml (KO50) and
100 Ag/ml paromomycin (KO100) with TtCdk1 antibody.
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strongly suggests that the TtCdk1 protein, like the K-
antigens, is localized to the specialized regions of the
membrane skeleton (epiplasm) that surround the basal
bodies of the ciliary rows. The similarity also extends to
the development of these domains. Williams et al. [32]
found that the K-antigen domains associated with newly
formed basal bodies are much smaller than those of more
mature basal bodies. Our results with both single staining
with anti-TtCdk1 antibodies and double staining with anti-
TtCdk1 and anti-a-tubulin antibodies support a similar
conclusion. The possession of transverse microtubule bands
suggests that the double-stained basal bodies are mature
basal bodies with a full complement of accessory structures,
whereas the lack of full-length transverse microtubule bands
and their localization relative to double-stained basal bodies
suggests that the basal bodies staining only with anti-a-
tubulin are newly formed. The probable association of
TtCdk1 protein with the epiplasmic domains that surround
mature basal bodies suggests that TtCdk1 may be involved
in the maturation of the complex membrane-skeletal layer
within which cytoskeletal structures are embedded [32,33].
It may also play a role in the development of the oral
apparatus, as TtCdk1 protein is co-localized with basal
bodies of the oral primodium, a localization that is not
observed for the K antigens [32]. Consistent with these
suggestions, the fairly broad peak of TtCdk1 histone H1
kinase activity associated with the timing of division-related
cortical morphogenesis encompasses the period of forma-
tion of the oral primordium and the maturation of many new
somatic ciliary units [32].
The role of protein kinases in the establishment of
morphogenetic patterns in Tetrahymena or other organisms
is not well understood. However, the association of Cdk/
cyclin complexes with centrosomes and the apparent
requirement for CDK2/cyclin E activity for centrosome
duplication in animal cells [34–38] indicates that the
association of a Cdk with basal body domains in Tetrahy-
mena may represent a common rather than a unique phe-
nomenon. Similarly, a Cdk homologue of P. tetraurelia,
PtCdk2 active late in cytokinesis, is also localized in the
basal body domains [12] (Zhang and Berger, unpublished
data). In T. thermophila, TtCdk1 might play a role in the
differentiation of the complex membrane-skeletal layer that
may be involved in cortical morphogenesis in this organism
[33]. The buckling of ciliary rows observed in the TtCDK1
partial knockout cells may reflect deficiencies in the for-
mation of this layer.
Recent studies of the distribution of a serine/threonine
kinase activity in the cortex of T. thermophila, and the
effects of inhibitors of protein kinases on division associated
morphogenesis suggest that in Tetrahymena, as in other
organisms, protein kinases play a specific and important role
in establishing the morphogenetic pattern [39]. Phosphor-
ylation of basal body associated structures located in the
cortex and the oral apparatus has been observed throughout
the vegetative cell cycle in both T. thermophila and P.
tetraurelia, as demonstrated by staining cells with MPM-2
antibody, an antibody that recognizes phosphorylated epit-
opes in microtubule organizing centers (MTOCs) in variety
of organisms [40,41]. Direct evidence has been gathered for
cell cycle-dependent phosphorylation of the structural pro-
teins in the cortex including the ciliary rootlets and the
membrane-skeletal layer [42]. However, the nature of the
protein kinase(s) responsible for the phosphorylation events
and their roles in ciliate morphogenesis remains an issue of
speculation. Our demonstration of the probable association
of TtCdk1 with the membrane-skeletal domains surrounding
the basal bodies in the cell cortex and the buckling of ciliary
rows upon reduced expression of the TtCDK1 gene provides
the first evidence for the involvement of a Cdk kinase in the
cortical morphogenesis of ciliates before cell division.
It has been demonstrated that p13suc1-bound p36 exhibits
protein kinase activity toward the macronuclear histone H1
protein [30]. Disruption of the macronuclear copies of the
histone H1 genes leads to decondensation of the macro-
nuclear chromosomes. It is believed that phosphorylation of
the macronuclear histone H1 is essential for chromosome
condensation/decondensation [43,44]. The decondensation
of both macro- and micronuclear chromosomes observed in
the TtCDK1KO cells suggests a role of TtCdk1 in chromatin
condensation, possibly through phosphorylation of linker
histones in both nuclei. The localization of the TtCdk1
protein in epiplasmic domains associated with the basal
bodies in the cell cortex throughout the cell cycle, as
indicated by this study, does not support a direct role of
TtCdk1 in this process. However, it is possible that a protein
kinase activated by TtCdk1 or the nuclear fraction of
TtCdk1 that we may have missed in our study could be
responsible for linker histone phosphorylation.
The involvement of TtCdk1 in maturation of basal body
domains in the cell cortex and possibly in chromatin
condensation in nuclei suggests that it might play an
important role in the coordination of cell cycle events
occurring in different compartments of the ciliate cell.
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